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INTRODUCTION
Tungsten has figured prominently in the history of the olefin metathesis reaction, which is the only way to prepare olefins from olefins directly and catalytically.
1,2 Oxo alkylidene complexes were the first high oxidation state alkylidene complexes containing tungsten to be identified as olefin metathesis catalysts, 3 but attention soon shifted to imido alkylidene complexes of W, and ultimately Mo, in anticipation of slowing bimolecular decomposition of 14 electron four-coordinate M(NR)(CHR')X 2 catalysts, relative to hypothetical M(O)(CHR')X 2 catalysts, for steric reasons. 4 Unlike oxo ligands, imido ligands, along with X ligands (e.g., alkoxides), can be varied sterically and electronically and the chemistry of Mo and W imido alkylidene complexes in olefin metathesis reactions thereby controlled to a significant degree.
For the last 25 years, imido alkylidene complexes have been the mainstay of high oxidation state olefin metathesis catalysts. In contrast, interest in oxo alkylidene complexes has been limited. 5, 6 Oxo alkylidene complexes or oxo-free cationic complexes of the type discovered by Osborn, 2 are likely to be the active catalysts in many of the "classical" olefin metathesis systems. Therefore, we thought it worthwhile to attempt to prepare oxo alkylidene complexes using recently proven methods that have been employed to slow bimolecular decomposition of imido alkylidene complexes.
The most recent advance in Mo and W imido alkylidene chemistry has been the discovery and development of M(NR)(CHR')(OR")(Pyrrolide) (monoaryloxide pyrrolide or MAP) complexes. 7 One of the most interesting aspects of MAP catalysts is that they can be designed to promote Z-selective metathesis reactions as a consequence of the presence of a relatively "large" aryloxide (OR") in combination with a "small" NR ligand. 8 The most successful OR'' ligands so far in Z-selective MAP catalysts have been O-2,6-(2,4,6-triisopropylphenyl) 2 C 6 H 3 (OHIPT) 9 or O-2,6-Mesityl 2 C 6 H 3 (OHMT). 10 It has been proposed that the high steric demands of these hexasubstituted 2,6-terphenoxide ligands force all substituents on the metallacyclobutane ring to point away from the bulky aryloxide ligand, and therefore allow only Z products to form. Since an oxo ligand is smaller than any NR ligand, we wanted to know whether MAP versions of tungsten oxo alkylidene complexes would be useful Z-selective
catalysts, to what degree the behavior of oxo alkylidene complexes as olefin metathesis catalysts might differ from the behavior of imido alkylidene complexes as olefin metathesis catalysts, and what ligands would be required to stabilize oxo alkylidene complexes against bimolecular decomposition reactions.
In 1996 we showed that W(O)(CH-t-Bu)L 2 Cl 2 complexes (L = PMe 3 or other phosphines) would react with two equivalents of KO-2,6-Ph 2 C 6 H 3 to yield W(O)(CH-t-Bu)(O-2,6-Ph 2 C 6 H 3 ) 2 (L) complexes, one of which was shown to be a trigonal bipyramidal complex containing an equatorial oxo, an alkylidene, and one O-2,6-Ph 2 C 6 H 3 ligand. 6 More recently, 11 we
showed that a similar approach could be employed in order to prepare W(O)(CH-tBu)(Cl)(OHIPT) and W(O)(CH-t-Bu)(Cl)(OHMT)(PMe 2 Ph), and their 2,5-dimethylpyrrolide
derivatives, W(O)(CH-t-Bu)(Me 2 Pyr)(OHIPT) and W(O)(CH-t-Bu)(Me 2 Pyr)(OHMT)(PMe 2 Ph).
In line with the theory of Z-selectivity described above, W(O)(CH-tBu)(Me 2 Pyr)(OHMT)(PMe 2 Ph) was shown to be a highly effective catalyst for the Z-selective coupling of several terminal olefins (at 0.2% loading) to give product in >75% yield with >99%
Z configuration. Addition of two equivalents of B(C 6 F 5 ) 3 to W(O)(CH-tBu)(Me 2 Pyr)(OHMT)(PMe 2 Ph) led to formation of the adduct, W[OB (C 6 F 5 ) 3 ](CH-tBu)(Me 2 Pyr)(OHMT), which was found to be highly active for olefin metathesis, but gave the E:Z mixture expected from thermodynamic control upon coupling terminal olefins. How oxo alkylidene complexes behave in the presence of Lewis acids, an issue that was explored by Osborn 2 to some degree and that remains unexplored as far as well-defined catalysts are concerned, is an important goal that is relevant to "classical" catalysts, as discussed above, and to new isolable oxo alkylidene complexes.
A simpler synthesis of tungsten oxo alkylidene starting materials would be beneficial to further studies oxo alkylidene chemistry. In this paper we report a simplified synthesis of tungsten oxo alkylidene complexes that involves formation of the neopentylidene ligand on tungsten through hydrogen atom abstraction in a dineopentyl precursor and elaborate the 4 syntheses of tungsten oxo alkylidene complexes that are relevant to olefin metathesis. We also for the first time prepare and characterize oxo metallacyclobutane and oxo methylidene complexes.
RESULTS

A new synthesis of oxo alkylidene complexes of tungsten
The Phosphine-free 5b is formed as a consequence of the greater steric demand of the OHIPT versus the OHMT ligand. The structure of 5a is a square pyramid with a syn neopentylidene in the apical position and the phosphine bound trans to the pyrrolide. 11 The equilibrium constant for phosphine dissociation in 5a was estimated to be 0.015 M at room temperature through NMR studies, a value that corresponds to 57% dissociation of phosphine-free W(O)(CH-t-Bu)( 1 -Me 2 Pyr)(OHMT) being present in a 20 mM solution of 5a in C 6 D 6 . The steric demand of the OHIPT ligand limits the reactivity of 5b versus 5a in the few reactions that were explored.
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We have found 4a to be a suitable starting point for formation of several other oxo alkylidene species, in addition to 5a, as shown in Scheme 1, most of which are obtained as 14e
(phosphine-free) species. Addition of one equivalent of lithium 2,5-diphenylpyrrolide to a toluene solution of W(O)(CH-t-Bu)(OHMT)Cl(PMe 2 Ph) at room temperature led to the formation of yellow W(O)(CH-t-Bu)(Ph 2 Pyr)(OHMT) (6) in 57% isolated yield. The proton resonance for the alkylidene resonance in the 1 H NMR spectrum of 6 is found at 9.99 ppm (cf.
9.14 ppm in 5a 11 ) with J CH = 124 Hz, which is characteristic of a syn orientation of the alkylidene. Although the alkylidene resonance is broadened slightly, the 183 W satellites are discernible (J HW = 10 Hz). The resonances for the two protons on the pyrrolide ring are broad at room temperature, which suggests either hindered rotation of the diphenylpyrrolide ligand or an equilibrium between  1 and  5 coordination modes. Compound 6 apparently is too crowded to coordinate dimethylphenylphosphine to give an adduct analogous to 5a.
Single crystals of 6 were grown from toluene/pentane solution at -30 ºC. A thermal ellipsoid drawing of the structure is shown in Figure 1 . The W=O distance (1.690(1) Å) is comparable to the W=O bond length in 5b (1.695(3) Å). 11 The pyrrolide ligand is coordinated in  1 fashion with an W-N pyr distance of 2.037(2) Å, versus the W-N pyr bond length in 5b (2.001 (2) Å (7) in 60% isolated yield. The X-ray structure 7 showed it to be essentially a square pyramid with the syn-alkylidene ligand in the apical position and the phosphine ligand trans to the amide ( Figure 2 ). The amido nitrogen atom is not planar (the three angles sum to 349.7(2)º) and one of the ortho fluorides (F1) could be said to be weakly interacting with the metal trans to the alkylidene (W-F1 = 2.758(1) Å), which is not unusual in compounds that contain the perfluorodiphenylamido ligand. 22 The amido ligand could also be said to be "tipped" out of planarity, as found for the diphenylpyrrolide in 6. (9) 
Single crystals of 9 were grown from a mixture of toluene and pentane at -30 ºC. An X-ray structural study confirmed the proposed SP configuration of 9 in which the oxo ligand is in the apical position (Figure 3 ). To our knowledge, 9 is the first structurally-characterized metallacyclobutane derived from an oxo alkylidene and the first unsubstituted high oxidation state molybdacyclobutane or tungstacyclobutane that has a square pyramidal geometry. Three mesityl methyl resonances were observed for the OHMT ligands in the proton NMR spectrum at 22 °C, consistent with the OHMT ligands being equivalent, free rotation about the W-O bonds, and (as one would expect) no rotation about the C-C bonds to the central phenyl ring. The two sets of ortho mesityl methyl groups arise from the fact that no symmetry plane bisects the C=W=O angle in 10. Two other bis-2,6-terphenoxide alkylidene complexes, M(NC 6 F 5 )(CHR)(ODFT) 2 (M = Mo or W; ODFT = O-2,6-(C 6 F 5 ) 2 C 6 H 3 ), have been reported in the literature. 25 The fluorine NMR spectra of M(NC 6 F 5 )(CHR)(ODFT) 2 complexes show one para, two meta, and two ortho fluorine resonances between 22 °C and 100 °C, which is consistent with the proposals with respect to 10 discussed above.
When a pentane solution of 10 was placed under one atmosphere of ethylene, a yellow precipitate can be isolated whose proton NMR spectrum in C 6 D 6 shows that a mixture of An X-ray structural determination of 12 confirms that it is a monomeric tetrahedral 14-electron species in the solid state ( Figure 5 ). To our knowledge, this is the first X-ray structural study of an oxo methylidene complex. The oxo and methylidene ligands were found to be mutually disordered in a ratio of 71:29. The disorder could be resolved and the methylidene protons located in the major component; they were refined semi-freely with appropriate bond length restraints (see Supporting Information). The W=C bond length (1.895 (8) 
DISCUSSION
The most interesting synthetic aspect of this work is that it is possible to prepare relatively stable tungsten oxo alkylidene complexes with some variety. Bimolecular decomposition must be discouraged primarily by the two anionic ligands present, where at least one is a 2,6-terphenoxide (OHMT in this work). Dimethylphenylphosphine is sometime retained in the product (as in 7) but is partially dissociated in solution. All 14e tungsten oxo neopentylidene complexes have been found to be the syn isomer, which is not surprising from a steric point of view. It is interesting to note that reactions of the type shown in Scheme 1 do not appear to suffer from competitive deprotonation of the alkylidene ligand by the added nucleophile, a problem that has been encountered in the synthesis of certain stereogenic-at-metal imido alkylidene complexes of molybdenum recently that contain sterically demanding ligands.
27
The most interesting structural and mechanistic aspect of this work is that we have seen no evidence for intermediate trigonal bipyramidal metallacyclobutane complexes, even unsubstituted metallacycles. Therefore, it appears that square pyramidal oxo metallacyclobutane complexes are significantly more stable than TBP versions, in contrast to many tungsten imido analogs. This fact could have major implications in terms of the ease of turnover in metathesis reactions, since SP metallacycles are further from the transition state for loss of olefin than TBP metallacycles, as noted earlier.
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There are many aspects of oxo alkylidene chemistry that will be explored in due course.
One of the most interesting is the role of Lewis acids in oxo alkylidene chemistry. In the preliminary communication 11 28 and NH(C 6 F 5 ) 2 29 were prepared according to reported procedures. H(Silox) was received as a generous gift from Professor Pete Wolczanski. NaSilox was prepared in the reaction of H(Silox) and NaH in THF.
All other reagents were used as received unless noted otherwise. 152.0, 149.9, 138.9, 127.7, 126.0, 125.8, 124.8, 123.6, 68 6, 128.75, 128.70, 128.65, 126.8, 126.1, 51.9, 30.9, 14.7 
Synthesis of W(O) 2 Cl 2 (bipy) (2).
Synthesis of W(O)(CH-t-Bu)(Ph 2 Pyr)(OHMT) (6). A solution of W(O)(CH-t-
Bu)Cl(OHMT)(PMe 2 Ph) (300 mg, 0.388 mmol) in 10 mL of benzene was added to a portion of solid Li(Ph 2 Pyr) (105 mg, 0.466 mmol, 1.2 equiv). The cloudy reaction mixture was stirred at room temperature for 24 h. The solvent was removed in vacuo to give brown oil. The product was extracted into toluene (5 mL) and the solution was filtered through a bed of Celite. Toluene was removed in vacuo to produce a brown oil. Yellow solid precipitated upon addition of pentane (4 mL) and the resulting suspension was filtered and washed with 5 mL of pentane. Hz), 157.4, 137.8, 137.5, 137.3, 136.2, 133.8, 133.5, 133.1, 131.5, 130.7, 129.4, 129.2, 129.1, 127.1, 126.4, 124.3, 123.1, 113.1, 111.4, 108.6, 42.9, 32.1, 21.4 138.5, 138.0, 137.6, 137.1, 136.8, 136.5, 135.0, 134.7, 133.8, 133.4, 133.0, 132.7, 131.9, 130.9, 130.8, 130.6, 129.7, 128.5, 128.4, 128.2, 120.9, 44.3, 29.8, 22.1, 21.8, 21.4, 21.1, 21.0, 20.9, 14.3 (d) 
Synthesis of W(O)(CH-t-Bu
Synthesis of W(O)(C 3 H 6 )(OHMT)(Silox) (9).
A cold (-30 ºC) solution of W(O)(CH-tBu)(OHMT)Cl(PMe 2 Ph) (250 mg, 0.323 mmol) in 10 mL of toluene was added to a portion of solid NaSilox (85 mg, 0.357 mmol, 1.1 equiv). The brown reaction mixture was stirred at room temperature for 3 h. The solvent was removed in vacuo to give brown oil. The product was extracted to toluene (5 mL) and the mixture was filtered through a bed of Celite. Toluene was removed in vacuo to produce a brown oil. Pentane (3 mL) was added to the oil. The solution was degassed by three successive "freeze-pump-thaw" cycles and 1 atm of ethylene was added.
The mixture was stirred at 0 ºC for 1 h, during which time a yellow crystalline precipitate C NMR (C 6 D 6 ) δ 253.6 (WCH-t-Bu), 158.5, 137.0, 136.7, 136.5, 134.9, 131.7, 130.7, 128.9, 128.8, 123.0, 41.1, 33.2, 21.6, 21.3, 20.8 7, 137.0, 136.8, 136.7, 135.0, 131.0, 130.0, 128.9, 128.8, 123.8, 42.4 ( 137.2, 136.9, 136.7, 134.4, 131.5, 130.0, 128.3, 123.4, 123.0, 21.3, 20.9, 20.8 All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were included in the models at geometrically calculated positions and refined using a riding model except for alkylidene, metallacycle, and methylidene protons. Coordinates for these hydrogen atoms were taken from the difference Fourier synthesis and the hydrogen atoms were subsequently refined semi-freely with the help of distance restraints. The isotropic displacement parameters of all hydrogen atoms were fixed to 1.2 times the U eq value of the atoms they are linked to (1.5 times for methyl groups). All disordered atoms were refined with the help of similarity restraints on the 1,2-and 1,3-distances and displacement parameters as well as rigid bond restraints for anisotropic displacement parameters. S-3 S-5 
Synthesis of W(O)(CH-t-Bu)(OHMT) 2 (10). A solution of W(O)(CH-t-Bu
W(O)(CH-t-Bu)(Ph
